Fingerprint recognition using a joint transform correlator (JTC) is the most well-known technology among optical fingerprint recognition methods. The JTC method optically compares the reference fingerprint image with the sample fingerprint image then examines match or non-match by acquiring a correlation peak. In contrast to the JTC method, this paper presents a new method to examine fingerprint recognition by producing a computer generated hologram (CGH) of those two fingerprint images and directly comparing them. As a result, we present some parameters to show that fingerprint recognition capability of the CGH direct comparison method is superior to that of the JTC method.
I. INTRODUCTION
Fingerprint recognition compares input information of a user on a terminal to the user information registered and stored in a local computer or a host computer to judge whether they match.. Recently many methods for accurate fingerprint recognition and perfect security have been studied [1] [2] . Among them the joint transform correlator (JTC) method may be the most typical one as an encryption technology using an optical method [3] [4] . In addition to that, the essential topic in fingerprint recognition is the technology to find the center point of a fingerprint image and accurately recognize it when it is incorrect in angle and location [5] .
An optical fingerprint recognition method JTC uses a type of optical pattern recognition system and it quantitatively analyzes the match or non-match of the fingerprint image by measuring the optical correlation peak and peak signal to noise ratio (PSNR) of the sample fingerprint image, which needs to be compared with the reference fingerprint image. This kind of optical pattern recognition system goes through a double random encryption and double-encryption process using the JTC method. It has the merits that the optical system is relatively simple and can compare samples in real time. However, it also has a shortcoming in that it is sensitively affected by turning or moving of fingerprint images. A study of fingerprint recognition improvement using a double random encryption method or an algorithm to find the center point of a fingerprint to solve the recognition problem due to turning and moving of fingerprint images has been already published in another paper [4] .
In this paper, we present a new method to examine the fingerprint recognition by producing computer generated holograms (CGH) of those two fingerprint images and directly comparing them, unlike the JTC method which acquires the correlation between the two fingerprint images reconstructed from a Fourier hologram in the form of interference fringes. The reason that this paper presents a new CGH direct comparison method is that there has been no study conducted using the CGHs of fingerprint images, rather than using the fingerprint images themselves, for comparing and analyzing the characteristics of fingerprints. The widely-used JTC method uses an optical system to compare the images themselves. Therefore, the objective of this paper is to emphasize the merits of the direct CGH comparison method over the JTC method based on the fingerprint experimental results of each. In this paper, we used the non-linear joint transform correlator (NJTC) to solve the problem of the non-linearity of the digital camera in JTC system. CGH is generally divided into cell-oriented and point-oriented methods. For cell-oriented CGH, the 446 Lohmann method and the Lee method are well-known [7] [8] . These methods simplify the phase and amplitude information by encoding them to the basic structure of a cell. On the other hand, the point-oriented CHG makes it possible to recreate an image approaching the original object by recording the discrete Fourier transform (DFT) values corresponding to each point of an object. Then the amplitude and phase values of the CGH can be obtained by adding a further mathematical method or repetitive adding processes on the results of the DFT [6, 9] . This paper applies point-oriented CGH to fingerprint recognition and especially applies the cosine CGH using a sinusoidal wave, which is the typical method for holographic diffraction gratings.
II. DIRECT CGH COMPARISON OF FINGERPRINT IMAGES
This paper presented a new fingerprint recognition system which forms CGHs acquired from the reference image and from the sample image and directly compares those CGHs. The reason for which we presented this method is that other fingerprint recognition systems including NJTC focus on comparing the fingerprint images themselves. Therefore, the objective of this study is to analyze the merits of our new direct CGH comparison method and to compare its fingerprint recognition results with those of the NJTC method. Figure 1 shows the optical structure of the basic NJTC fingerprint recognition system. Let us call the reference fingerprint image r(x,y) and the sample fingerprint image s(x,y) and assume that those two inputs are separated by 2xo. Now these two images are Fourier transformed by the Fourier lens L1 and interfered together on the Fourier plane. The information acquired on the Fourier plane is shown as mutually interfered information between the Fourier transformed value R(u,v) of the reference fingerprint image r(x,y) and the Fourier transformed value S(u,v) of the sample fingerprint image s(x,y). The intensity of this interference fringe pattern is called the joint power spectrum (JPS). Therefore, the intensity of the interfered light, JPS, acquired with a light detector on the Fourier plane can be expressed as in equation (1) 
Here u,v are independent spatial frequency variables scaled by , λ, is the wavelength of input light and f is the focal length of the Fourier transform lens L1. Now, the signal acquired on the inverse Fourier plane, which is the output plane by the inverse Fourier transform lens L2, is expressed as a correlated signal between two signals of the reference fingerprint image and the sample fingerprint image located on the input plane. Equation (2) shows the correlated output signal acquired on the output plane.
Here, ⊙ is the correlation operator. In equation (2), the first and the second terms are the DC terms created in the center of the output signal, and they can be eliminated using a filter. The third and the fourth signals are correlated signals formed at +2x o and -2x o apart, respectively, and they play important roles deciding match or non-match between the reference image and the sample image. Finally they are used in calculating the correlation peak. Now the basic optical structure of the direct CGH comparison system is shown in figure 2 . The basic principle of the fingerprint recognition system shown in the figure 2 is to get Fourier transformed images from the Fourier transform lens on the Fourier plane after placing the reference fingerprint image and the sample fingerprint image in set time intervals on the SLM located on the input plane. In other words, the direct CGH comparison method does not place two pieces of image simultaneously but places them with a slight time interval on spatial light modulator(SLM), namely liquid crystal display(LCD) in figure 2. Then these two images are Fourier transformed by the lens and are sent to the computer. Immediately, the Fourier transformed images are calculated in the form of various kinds of CGH's such as cosine CGH and are ready to be compared to judge whether they match.
When we allow the Fourier transformed signal on the Fourier plane to interfere with the cosine reference wave, we can get cosine amplitude and phase CGH. The complex amplitude and phase of the cosine CGH formed on the Fourier plane can be expressed as Equation (3) . However, the cosine CGH here is formed on a two dimensional plane, so the diffraction grating pattern constructed here is assumed to have only a u component, that is to say, the grating line is created parallel to the v axis [3] .
Here, A(u,v) is the amplitude of the CGH and  shows the phase of the CGH. Moreover, f o is the spatial frequency of the cosine CGH and λ and f are the wavelength of the input light and the focal length of the Fourier transform lens, respectively.
When we analyze the components forming the CGH in the equation (3), it can be expressed like the equation (4) .
Here, the cosine CGH function U(u,v) can be expressed as equation (5) .
As we explained earlier, the cosine CGH expressed as equation (5) can be obtained by causing the Fourier transformed signal to interfere with the cosine reference signal, as shown in figure 2, but it can also be obtained through equation (5) after sending the Fourier transformed signals directly to the computer. Now, the Fourier transformed images are calculated in the form of cosine CGH. The reconstructed image    obtained from the cosine CGH is expressed in equation (6) .
In equation (6) , the second term represents the real image of the object and the third term shows the virtual image, which is the conjugate wave of the object. Here, x o is the location of the reconstructed image regenerated on the off-axis.
III. EXPERIMENTAL RESULTS
To compare the results using the NJTC system shown in figure 1 with the results using the method of direct CGH comparison, we prepared some fingerprint samples. Various types of 256 × 256 binary fingerprint images are shown in figures 3 and 4. Those fingerprint images were divided into 3 groups: in group A, we used A-1 as the reference fingerprint image, and we partially damaged fingerprints and marked them as A-2, A-3 and A-4 as shown in figure 3 . In group B, we transformed the reference fingerprint image A-1 and changed it to different fingerprints B-1 and B-2 as shown in 4 . In group C, we prepared another fingerprint totally different from the reference fingerprint image A-1, and we marked it C-1 and showed it in figure 4 again. For group A, the aim is to find out whether the recognition results are similar. For groups B and C, it is to expect the fingerprint recognition results much different from group A. However, the reason why we separated groups B from C is to check whether the degree of non-match with the totally different fingerprint image C-1 in group C is bigger than that with the partially changed images B-1 and B-2 in group B.
First, to evaluate the fingerprint recognition capability using the NJTC fingerprint recognition system, we placed the reference fingerprint image A-1 on the left and the sample fingerprint images A-2 to C-1 on the right and then calculated the correlated peak, averaged noise and the PSNR. The NJTC fingerprint recognition system finally examines the degree of correlation, match or non-match, between the reference fingerprint image and the sample fingerprint image on the output plane by calculating the correlation peak. An important point is that the result obtained on the output plane as shown on equation (2) is a form for two images located on the input plane reconstructed together. Therefore, although it used an optical correlator system, it eventually is a method of comparing the reference fingerprint image and the sample fingerprint image with the correlated maximum value.
Next, we would like to discuss the method of evaluating the degree of fingerprint recognition by directly comparing CGH's as presented in this paper. The importance of this method is that while the NJTC method used the concept of the correlated maximum value and eventually compared the reference fingerprint image with the sample fingerprint image, our method compares CGH's respectively obtained from the reference fingerprint image and the sample fingerprint image using MSE and SNR concepts. Now, the cosine CGH's obtained from the reference fingerprint image and sample fingerprint image respectively have amplitude A(u,v)and phase (u,v). This CGH is called the amplitude and phase cosine CGH. Based on this amplitude and phase cosine CGH, we can encode the phase (u,v) with 0 and 1 by the phase value, and the obtained CGH in this method is called the binary phase cosine CGH. We evaluated the capability of fingerprint recognition by creating the amplitude and phase cosine CGH and binary phase cosine CGH. Figure 5 shows the amplitude and phase cosine CGH and binary phase cosine CGH obtained from the reference fingerprint image A-1. Moreover, figures 6(a) and 6(b) respectively show the amplitude and phase cosine CGH and the binary phase cosine CGH obtained from the sample fingerprint image C-1 which is totally different from the reference fingerprint image.
As a scale to quantitatively measure the fingerprint recognition capability of the direct CGH comparison method, we used MSE and SNR [10] defined as the following.
In here, N×M is the number of pixels in the image, U r (u,v) is the CGH obtained from the reference fingerprint image, and U s (u,v) is the CGH obtained from the sample fingerprint image. Table 1 shows the correlation peak, PSNR, MSE and SNR of various fingerprint images obtained using the NJTC fingerprint recognition system. In general correlation peak and PSNR are enough for evaluating the performance of the NJTC system, but we added MSE and SNR parameters to compare the ability of the NJTC with our new CGH direct comparison method. The values of MSE and SNR were obtained by using equations (7) and (8), respectively, by comparing reconstructed images of r(x,y) and s(x,y) from the output 
FIG. 7. Three dimensional correlation peak signal; (a) match case using A-1 as the input fingerprint image (b) non-match case using C-1 as the input fingerprint image. correlation plane, that is, the inverse Fourier plane as shown in equation (2). Figure 7 shows the three dimensional picture of the correlation peak signal obtained from two representative samples. Figure 7 (a) is for the sample A-1 which is the same as the reference image, and figure 7(b) is for the sample C-1 totally different from the reference image. Table 2 shows the MSE and SNR values obtained by directly comparing CGH's acquired from the fingerprint images as shown in figure  2 . The values of MSE and SNR shown on table 2 were obtained using equations (7) and (8), respectively, by comparing CGH's instead of reconstructed images. The left values were obtained through the amplitude and phase cosine CGH and the right ones were obtained through the binary phase cosine CGH. Let's look at table 1 showing the results of using the NJTC system. When we use A-1 as the sample fingerprint image the same as the reference one, the obtained correlation peak and PSNR is 1.45e+004 and 8.69e+005, respectively. When we use the C-1 as the sample fingerprint image totally different from the reference one, the obtained correlation peak and PSNR is 6.20e+003 and 8.61e+004, respectively. Now, let's look at the right side of table 1 to estimate the MSE and SNR of the NJTC system. The obtained MSE and SNR for the sample A-1 is 2685.5691 and 1.0298, respectively. Next, the obtained MSE and SNR for the sample C-1 is 2714.4885 and 1.0183, respectively. The results concerning about the correlation peak and PSNR for the NJTC system indicate that the ratio of correlation peak is a maximum of 2.34 and the ratio of PSNR is a maximum of 10.08. Again the results concerning about the MSE and SNR for the NJTC system indicate that the ratio of MSE is a maximum of 1.01 and the ratio of SNR is a maximum of 1.01. Now, let us look at When we compare the fingerprint recognition results using the NJTC method and the direct CGH comparison method, the direct CGH comparison method is about 68 times superior to the NJTC method when we use the amplitude and phase CGH, and about 8.8 times superior when we use the binary phase CGH. One interesting fact is that the method using the amplitude and phase CGH is about 7.7 times superior to the method using the binary phase CGH. By checking the MSE and SNR value of the NJTC as shown on the right side of table 1, we can find another interesting fact that it is difficult to distinguish the match between the samples because the results of MSE and SNR indicate only a small difference in values. Furthermore, another important fact can be find out through the result shown in table 1 and table 2 . When we look at the result of using fingerprints B-1 and B-2, which are classified as different fingerprints than the reference fingerprint A-1 by greatly changing the fingerprint, the direct CGH comparison method shows much superior capability in match or non-match distinction to the NJTC method. Finally, when we look at the result of using A-2, A-3 and A-4 as sample fingerprint images, which were obtained by decreasing the information of the reference fingerprint image A-1 a little, we can conclude that for the case of using direct CGH comparison it recognizes them as one person's fingerprint; however, for the sample A-4 which has greater damage, it is difficult to be sure that it recognizes the two as the same fingerprint. On the other hand, for the case of using the NJTC, the differences of the correlation peak between the A type samples is not enough to distinctly determine a match or non-match. Moreover we can mention the same conclusion when MSE and SNR parameters are used instead of correlation peak and PSNR.
IV. CONCLUSION
In this paper, we presented a new direct CGH comparison method of fingerprint recognition. This method examines match or non-match by directly comparing CGHs of fingerprint images, unlike the NJTC method which ultimately uses the fingerprint images reconstructed from the Fourier hologram on the Fourier plane. We analyzed its fingerprint recognition capability by comparing it with the fingerprint recognition method using NJTC. By looking at the result of the NJTC and the direct CGH comparison method, we found out the direct CGH comparison method is about 68 times superior to the NJTC method when using the amplitude and phase CGH, and about 8.8 times superior when using the binary phase CGH. Furthermore, the method using the amplitude and phase CGH is 7.7 times superior to the method using the binary CGH. Therefore, the direct CGH comparison method presented in this paper is an effective method with superior fingerprint recognition capability. Further studies should be conducted on improving the accuracy of the fingerprint recognition by analyzing the damaged fingerprint images accurately.
